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teeth (bidentate) whilst the other has
three (tridentate). Both morphotypes
were found at all 15 sites sampled
in the Yucatan peninsula of Mexico,
although tridentates were most
abundant overall. The two
morphotypes were equally responsive
to the same compounds, but Eltz et al.
[6] found a characteristic compound,
2-hydroxy-6-[(1E, 3E)-non-1,
3-dienyl]benzaldehyde (HNDB),
which was present in the hind leg
extracts of tridentate males but
always absent from bidentate males.
This compound, and its three
stereo-isomers, comprises 67% of
total ions in the perfume pockets of
tridentate males. HNDB was attractive
only to tridentate males in bioassays
and exclusively elicited a response
from tridentate antennae in
electroantennogram (EAG) tests.
Thus, HNDB is the only compound
known to be collected by E. viridissima
which is exclusively attractive to one
of the two lineages.
Context-specific behavioural
constraints meant that Eltz et al. [6]
could not demonstrate that tridentate
females were exclusively attracted by
the odours of their cognate males.
But there is ample evidence that male
orchid bees release their perfumes only
at mating sites, so a male preference
for collecting a specific perfume
should be matched by a similar
female odour preference when
seeking a mate. These results suggest
that a shift in olfactory preference
might have led to divergence and
subsequent reproductive isolation of
the bidentate and tridentate lineages in
E. viridissima. A change in olfactory
receptor expression or abundance
could modify olfactory preferences in
males and determine which perfumes
they prefer to collect, but this change
must be matched by a similar change
affecting female perfume preference.
Thus, genetic change influencing
sensory preferences could have led to
assortative mating and driven the
differentiation of the two E. viridissima
lineages.
A major question in evolution is how
mating signals and responsiveness are
narrowly attuned in a single species but
diverge during speciation. Research
into linkage between signal production
and reception has shown that the two
characters are rarely linked, with
pheromone production and response
in insects typically being under the
control of genes located on different
chromosomes [13]. If signal and
receiver are not linked, then changes
in the mating signals of females,
which are a limited resource for males,
will mean there is a greater selection
pressure for males to keep a broader
responsive range than for females to
maintain a narrow pheromone blend
[14]. Such asymmetric tracking could
lead to assortative mating and
speciation. For E. viridissima,
however, the situation is markedly
different, because males are not
tracking female odours and instead
both exhibit a preference for an odour
blend determined by genes
influencing their olfactory receptors.
The perfume collected by males and
thus the blend released at mating sites
must be under the control of their
expressed odour receptors, making for
a tight linkage between the perfume
blend released and female preference
for an odour.
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Figure 1. Rear view of orchid bee, Euglossa
viridissima, showing the hind leg pockets
used for collection of perfumes (photo cour-
tesy of Thomas Eltz).
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R1093Kinetochore Attachment: How the
Hec Can a Cell Do It?
Creating stable yet flexible attachments of spindle microtubules to the
kinetochore is critical for facilitating chromosome congression, segregation,
and checkpoint signaling. Two new studies have elucidated the molecular
details of how the Ndc80 complex mediates this dynamic attachment.
Shang Cai and Claire E. Walczak
To generate two genetically identical
daughter cells during mitosis the
duplicated chromosomes need
to attach to the spindle microtubules
to establish bi-oriented connections to
microtubules emanating from opposite
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Figure 1. The amino-terminal tail of Hec1 mediates microtubule attachment at the kineto-
chore.
Kinetochores attach to the spindle through the end-on binding of a bundle of microtubules to
kinetochore outer plates (shown as green parallel lines in the enlarged region, top right). The
Ndc80 complex, which is composed of Ndc80/Hec1, Nuf2, Spc24 and Spc25 subunits, consti-
tutes the core binding interface and mediates the attachment. The amino-terminal tail of Hec1
interacts with the carboxy-terminal tail of b-tubulin through electrostatic attractions (shown in
the enlarged region, bottom right), which are critical for kinetochore attachment to microtu-
bules. The calponin-homology domain (CH) may be important for checkpoint signaling.spindle poles. Proper attachment is
achieved through the end-on binding
of a bundle of microtubules to the
kinetochore outer plate. As the
chromosomes align at the metaphase
plate, the spindle assembly checkpoint
produces a ‘wait-anaphase’ signal
until all chromosomes are properly
attached to the spindle [1]. A major
emphasis of the field has been to
understand the molecular details of
how this dynamic attachment is
mediated and how the attachment
status of the kinetochore signals the
spindle assembly checkpoint.
An initial breakthrough in our
understanding of the players involved
in chromosome attachment cameafter the identification of the
kinetochore-associated Ndc80
complex [2–4]. This four-subunit
complex consists of Ndc80 (Hec1 in
humans), Nuf2, Spc24, and Spc25 and
is conserved from yeast to man [5–7].
Disruption of the Ndc80 complex,
either by antibody injection or by
siRNA-mediated knockdown, causes
a complete misalignment of the
chromosomes due to a failure to form
stable microtubule attachments as
well as a defect in the activation of the
spindle assembly checkpoint [5,8–11].
Later studies revealed that the
attachments are mediated directly by
the Ndc80/Hec1 component, which
forms the binding site on thekinetochore for microtubule
attachment [12,13].
Recent structural advances
showed that the Ndc80 complex is
a heterotetramer in which Spc24 and
Spc25 dock the complex to the
kinetochore. The Ndc80/Hec1 andNuf2
proteins are at the other end of the
complex and bind to the kinetochore
microtubules through the globular
domain of Hec1 (Figure 1) [14,15]. The
amino terminus of both Hec1 and Nuf2
contains a calponin-homology (CH)
domain [16], which is a domain
proposed to be important for actin
or microtubule binding [17]. The
amino-terminal 80 amino-acid tail of
Hec1, however, is disordered and was
not resolved in the crystal structure
[16]. Therefore, despite an increased
understanding of the structure of this
important complex, we still do not
fully understand the molecular details
of how the attachment of microtubules
to the kinetochore is mediated. Two
recent studies published in Current
Biology by Guimaraes et al. [18] and
Miller et al. [19] provide significant
insight into this problem by showing
that the amino-terminal 80 amino-acid
tail of Hec1 makes an electrostatic
interaction with the carboxyl terminus
of tubulin to provide a dynamic
attachment site to the kinetochore,
but that this domain is not required
for activating the mitotic checkpoint.
These findings present an interesting
twist to the complex nature of
the communication between
microtubule attachment and
checkpoint signaling.
Using a knockdown rescue strategy,
both groups tested how various
truncated derivatives of Hec1 affect
the multiple aspects of kinetochore
function that are mediated by the
Ndc80 complex. Strikingly, rescue
constructs of Hec1 lacking the
amino-terminal 80 amino acids showed
a phenotype similar to that of Hec1
knockdown alone, including
mis-aligned chromosomes,
kinetochores that lack tension, and
a significant reduction in the number
of microtubules associated with
kinetochores [8,20]. These defects
were not due to disruption of the
kinetochore structure, as electron
microscopy showed that the
kinetochore still retained proper
ultrastructural morphology, and
immunofluorescence staining revealed
that other kinetochore proteins were
still properly localized. Together
Dispatch
R1095these results clearly show that the
amino-terminal domain of Hec1 is
critical for mediating attachment — but
how?
Previous studies showed that
a region of Hec1 composed of the
amino-terminal 80 amino acids and the
CH domain (tail+CH) binds directly to
microtubules whereas deletion of the
amino-terminal 80 amino acids of
Ndc80 weakens the binding affinity by
100-fold [16]. To understand how Hec1
mediates binding, Miller et al. [19]
showed that the amino-terminal tail
was sufficient to bind to microtubules
in vitro with an affinity similar to that
of the tail+CH domain. The affinity of
the interaction between microtubules
and the tail+CH domain is significantly
stronger than the binding of the CH
domain alone, which did not show
detectable binding even at high
microtubule concentrations. This
suggests that the amino-terminal tail
is sufficient to bind microtubules;
however, it should be noted that the
binding curve is slightly different from
that of the tail+CH domain, which
suggests that the CH domain may
enhance or regulate binding in vivo. To
address how the interaction between
the Hec1 amino-terminal domain and
the microtubule is mediated, Miller
et al. [19] treated microtubules with
subtilisin to cleave the acidic tail of
b-tubulin and saw that all binding to
microtubules was abolished. This
suggests that the key interaction site
is between the amino-terminal tail of
Hec1 and the carboxy-terminal tail of
b-tubulin (Figure 1).
Because the carboxyl terminus of
tubulin is highly acidic, while the
amino terminus of Hec1 is positively
charged, it was proposed that the
interaction between tubulin andHec1 is
electrostatic in nature [16]. Miller et al.
[19] used different concentrations of
salt to perturb the binding and found
that the interaction between the two
proteins was salt-sensitive [19].
Guimaraes et al. [18] mutated the
positively charged residues in the Hec1
amino terminus and found that this
mutant was not able to rescue the
misalignment of chromosomes
caused by Hec1 knockdown,
supporting the idea that the positive
charges are required for the interaction
and showing that this electrostatic
interaction is physiologically important.
These findings are especially
interesting because of the
need to create a dynamickinetochore–microtubule linkage so
that the chromosomes can remain in
association with the growing and
shrinking ends of microtubules. The
electrostatic interaction could be
readily modified by changes in the local
environment or by phosphorylation,
which would provide the cell with
a means to regulate the affinity of this
association. Elucidating how these
changes are mediated is an important
avenue for future investigations.
One type of erroneous attachment
occurs when kinetochores fail to bind
microtubules, leading to the
recruitment of checkpoint proteins,
such as Mad2, that activate the
checkpoint. Knockdown of Hec1, in
addition to causing a loss of
microtubule–kinetochore attachments,
prevents activation of the spindle
assembly checkpoint as evidenced
by loss of Mad2 recruitment to
kinetochores [18]. Although the
amino-terminal tail of Hec1 is clearly
important for microtubule binding, the
expression of a truncated version of
Hec1 that specifically lacks this domain
rescued the checkpoint defect in Hec1
knockdown cells, suggesting that the
Hec1 tail is not required for checkpoint
activation. Expression of a truncated
form of Hec1 lacking the tail+CH
domain failed to rescue the checkpoint
defect, however, implicating the CH
domain in checkpoint activation
(Figure 1B). This is interesting
because it shows that microtubule
binding and checkpoint activation
may be separable functions. An
important question now becomes
whether, and if so how, Hec1
communicates the attachment status
at the kinetochore to the checkpoint
signaling machinery.
This work from both groups provides
new insight into how the cell utilizes
simple ionic interactions to control
chromosome segregation and
highlights the importance of the Ndc80
complex in chromosome attachment.
Like any good scientific paper, these
findings raise many new and
interesting questions. How are these
interactions coupled to changes in
microtubule-polymerization dynamics,
and what is the signal to modulate
these interactions? What are the key
features of the Ndc80 complex that
allow it to mediate both attachment
and checkpoint signaling, and what
are the underlying molecular
mechanisms that govern this activity?
How does the Ndc80 complexfunctionally integrate with other
kinetochore components that also
bind microtubules, and how do
Aurora B and other kinases regulate
these associations? Answers to these
questions will help us uncover the
molecular mechanisms governing
dynamic chromosome behavior.
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Cell 133, 427–439.Eye Evolution: The
Recent work on the expression of retina
molecular cues delivers interesting but
the early phases of eye evolution.
Dan-E. Nilsson1,* and Detlev Arendt2
The ontogeny of the eyes of
vertebrates, cephalopods and
arthropods is so fundamentally
different that the overall design
responsible for spatial (image) vision
is thought to have originated
independently in these groups. Yet,
the growing number of known
similarities in the expression of
transcription factors and other
developmental molecular cues
strongly indicates a common origin of
light sensitive systems in all animals.
Based on such data, it now seems
to be possible to reconstruct the
light-sensitive systems that were
present in the ancestors of all animals
(Urmetazoa) or of all bilateral animals
(Urbilateria) [1–3], but we are as yet
in an early phase of this exciting
reconstruction.
Vertebrate eyes contain ciliary
photoreceptor cells, whereas the eyes
of invertebrates typically contain
rhabdomeric photoreceptor cells.
Along with the morphological
differences, ciliary and rhabdomeric
receptors also express distinct types
of opsin protein — the c-opsin and
r-opsin families, respectively — linked
to different types of transduction
machinery (Figure 1A). The original
belief that vertebrates and
invertebrates each had their own
exclusive type of photoreceptor cell
had to be abandoned when it became
evident that both receptor types are
present in one way or the other in
both vertebrates and invertebrates.17. Korenbaum, E., and Rivero, F. (2002). Calponin
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l transcription factors and other
partly contradictory information on
The ganglion cells of vertebrate
retinas constitute a striking example
because a subset of these cells was
unexpectedly found to be
photosensitive, expressing r-opsins
and the corresponding transduction
proteins [4]. An opposite example
came from the annelid worm
Platynereis, where ciliary
photoreceptors are present in the
brain, and rhabdomeric receptors
are found in the eyes [5]. These
results suggest that the common
ancestor of vertebrates and
invertebrates had both types of
photoreceptor cells and used them for
different purposes.
The recent discovery that the
ciliated photoreceptors of box jellyfish
contain a typical c-opsin and the
corresponding transduction machinery
[6] indicates that the two receptor
types had diverged already before
the split between bilaterians and
cnidarians. Studies of other cnidarians
have revealed the expression of
numerous c-opsin types but as yet not
a single r-opsin [7]. The r-opsins are
either rare or have been entirely lost
in Cnidaria, or they have so far
escaped detection. Visual receptor
cells of box jellyfish also contain
screening pigment (melanin) of the
same type as in vertebrate eyes
(Figure 1B,C).
Speculations on the putative light
sensitive systems of Urbilateria
recently got new fuel from a study
published in Current Biology by Erclik
and coworkers [8]: In Drosophila, the
transmedullary neurons, connectingKinetochore microtubule dynamics and
attachment stability are regulated by Hec1. Cell
127, 969–982.
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DOI: 10.1016/j.cub.2008.08.018photorecptors to second order
interneurons behind the eye, express
the transcription factor Vsx. Notably,
a homologue of Vsx, Chx10, is
expressed in the bipolar cells of the
vertebrate retina and required for
their formation. The first order visual
interneurons of vertebrates and insects
thus show signs of homology. Erclik
et al. [8] go on to describe expression
of conserved transcription factors
(Math5/ATO and Brn3b/ACJ6) in the
second order serial interneurons of
the visual system of vertebrates and
Drosophila, suggesting that vertebrate
retinal ganglion cells are homologous
to lobula projection neurons in
Drosophila. These results point
towards an ancestor where
photoreceptor cells relayed their
signals through two serially connected
interneurons.
Another challenge to this
interpretation is that the visual
photoreceptors connecting to the first
order interneurons are of the ciliary
type in vertebrates and of the
rhabdomeric type in insects. This led
Erclik and coworkers [8] to propose
that the common bilaterian ancestor
had eyes containing both ciliary and
rhabdomeric receptors, of which the
ciliary type was lost in insect eyes and
the rhabdomeric type was lost in
vertebrate eyes. But this possibility
seems less likely because eyes with
mixed rhabdomeric and ciliary
photoreceptors, both connecting to
first and second order interneurons,
have not yet been described; one
possible exception being the left larval
eye of the planarian Pseudoceros,
with ciliary photoreceptor interspersed
between rhabdomeric potoreceptor
cells [9]. Even though cilliary
photoreceptors are present in
protostomes, they are not found in the
lateral eyes. Instead, they are found
